We conducted a finite element simulation by using a computer program, ATENA, to verify the behavior of T-section reinforced concrete beams strengthened by bonded wire ropes in the negative moment region with a pretensioned initial prestressing force; we compared this behavior with that in experimental tests. The simulation was performed on five models consisting of one unstrengthened beam and beams strengthened by wire ropes with initial prestressing forces of 0%, 10%, 20%, and 30%. We found that the capacity of a flexural load had the ratios to the experimental results close to 1 -that is, 1.25, 1.16, 1.12, 1.01, and 1.10, for UB, SB1, SB2, SB3, and SB4, respectively. The ratios of effective stiffness, as the result of the simulation, to the experimental results were 1.45, 1.08, 1.76, 2.13, and 2.46 for UB, SB1, SB2, SB3, and SB4, respectively. We also observed that crack propagation developed in the finite element simulation indicated that all models underwent flexural failure.
INTRODUCTION
Structural elements need to be strengthened; one example is using wire rope to improve their structural capacity so that the possibility of collapse due to an additional load can be prevented. Although wire rope does not grip the structural element, Raoof and Davies (2003) stated that such rope was a little more flexible axially than a spiral strand but considerably more flexible in bending. Such flexibility is why wire ropes are used as tractive elements in pulleys, winch drums, and fairleads in mines and cable cars (among others). The potential of using wire ropes in concrete structures is based on the idea of utilizing their advantages, including high tensile strength. Previous studies have shown that a larger rope diameter and higher concrete strength lead to a higher modulus of elasticity of the concrete steel-wire ropes (Avak & Willie, 2005) . A study by Yang et al. (2011) proved that beams with spiral-type wire ropes developed a higher shear capacity than control beams with closed stirrups, showing that the shear capacity of beams increased with the increase in the number of wire ropes. Yang et al. (2009a) proposed a relatively simple column-strengthening procedure using unbonded wire rope and T-shaped steel-plate units. The measured axial load capacities of all strengthened columns were higher than the predictions obtained from ACI 318-05, indicating that the ratio of the measured and predicted values increased with the increase of the volume ratio of wire ropes and flange width of T-shaped steel plates. Yang et al. (2009b) also tested a series of reinforced concrete continuous T-beams externally strengthened with unbonded wire ropes and concluded that the ultimate shear capacity of beams strengthened with closed-type wire ropes increased with the increase in the amount and prestressing force of wire ropes, whereas that of beams with U-type wire ropes was little influenced by the amount and prestressing force of wire ropes. Wire ropes were also previously tested as flexural strengthening materials, and it was shown that if the stiffness of wire ropes was not improved, their contribution was suboptimal (Haryanto, 2011; Atmajayanti et al., 2013; Galuh, 2015) . A follow-up study to improve the effectiveness of using them by applying the initial prestressing force was also conducted (Haryanto et al., 2013) . The finite element simulation was able to verify the experimental results (Han et al., 2016) . In this study, we conducted a finite element simulation by using a computer program, ATENA, to verify the behavior of T-section reinforced concrete beams strengthened by bonded wire ropes in the negative moment region with a pretensioned initial prestressing force; we compared this behavior with that in experimental tests. A study using a finite element simulation can overcome the constraints related to time, cost, and tools. Studies applying a finite element simulation to the behavior of concrete structures have also been conducted previously by Maryoto and Shimomura (2015) , and . ATENA (Cervenka et al., 2014 ) is one of the finite element simulation programs used by many researchers (Pangestuti & Effendi, 2010; Sukarno et al., 2011; Jati, 2013) and is considered to give results that are very close to the results of experimental tests. A simulation in this paper was performed by modeling the experimental test specimens by Haryanto (2011) and Haryanto et al. (2013) by using the demo versions of GiD 7.4 and ATENA 2.1.10 as a preprocessor and a postprocessor, respectively.
METHODOLOGY
The basis of the concrete constitutive model in ATENA used the concept of smeared cracking and the approach of fracture mechanics with strain reactions that occurred based on the fracture concept of the uniaxial stress-strain law. The law explains that concrete fractures due to monotonic loading with peak tension are determined based on the biaxial failure surface, as shown in Figure 1 (Cervenka et al., 2014) . The steel constitutive model in ATENA used a multilinear law, as shown in Figure 2 (Cervenka et al., 2014) . Meanwhile, the wire rope constitutive model assumed to be linear. The model simulated in this paper referred to the experimental test specimens (Haryanto, 2011; Haryanto et al., 2013) . The wire rope consisted of six typical strands laid helically over a central core -which may itself consist of a smaller independent wire ropes (IWRC), as seen in Figure  3 -were used as a flexural bonded strengthening system. Specifications of the experimental test specimens are presented in Table 1 , and the sections are presented in Figure 4 . The simulation was done for half of a symmetrical beam, as seen in Figure 5 . This was done due to the limited meshing that can be carried out by the demo version of ATENA, that is, a maximum of 200 elements. An 8-noded solid element, CC3DnonLinCementitous2, was used to simulate the concrete and mortar. Longitudinal reinforcement and wire ropes were simulated using CCReinforcement elements. Two nodes were required for this element. Loading and support plates were simulated using the 8-noded solid element CC3DElastIsotropic. The concrete with stirrups was simulated using the 8-noded CCCombinedMaterial element. The materials and type of elements used in this simulation are summarized in Table 2 . Figure 3 An independent wire rope core (IWRC) (Lee, 1991; Raoof & Davies, 2003) (a) The application of constraint conditions in the simulation consisted of a support constraint condition and a surface constraint condition. The support constraint condition was applied in the simulation to represent support in the experimental test specimens. It was applied by giving the displacement value of zero in the Y direction using constraint for line. The value was applied to a line in the middle part of the support steel plates in the model. In addition to the support line, the constraint condition was also applied using constraint for surface to the surface. This application was because the simulation was done for only half of the section. The constraint conditions applied can be seen in Figure 6 . A convergence study by Al Faridi (2010) concluded that the optimal number of elements in ATENA is 1056. Since the demo version of ATENA provided a maximum of only 200 elements for the 3-D analysis, the meshing had to be done thoroughly so that the number of elements made did not exceed the limit of a maximum number of meshing elements. The plan of meshing the unstrengthened beam and strengthened beam models, shown in Figures 7 and 8 , exceeded the total number of 197 and 193 elements, respectively. To discover the response that occurred in the model, the load observation and flexural observation points for the Y direction were applied. The observations were carried out by using monitor for point with output displacements to measure the deformation and using the output of compact external forces to measure the load. 
RESULTS AND DISCUSSION

Load-displacement Relationship
From the results of the finite element simulation carried out using ATENA, graphs of the loaddisplacement relationship could be made and were then compared with the results of the experimental tests. The load-displacement relationship resulting from the finite element simulation behaved similarly to the results of the experimental test. The study by Hidayat et al. (2015) previously proved that, in reality, a concrete member is not uniform and does not possess homogeneous strength throughout its depth. Since the properties of materials were homogeneous in all segments in the simulation, there was a consistent difference in its slope between the results of finite element simulation and the results of the experimental test. The graphical comparison of the load-displacement relationship for the unstrengthened beam is presented in Figure 9 , and that of the load-displacement relationship for the strengthened beams is presented in Figure 10 . 
Flexural Load Capacity
The comparison of the flexural load capacity resulting from the finite element simulation and the experimental test is shown in Figure 11 . It can be seen that the flexural load capacity resulting from the finite element simulation is higher than that resulting from the experimental test, but the resulting ratios were close to 1 -that is, 1.25, 1.16, 1.12, 1.01, and 1.10 for UB, SB1, SB2, SB3, and SB4, respectively. The difference can be affected by the assumed perfect bond among materials, so the simulation worked well, and no slip occurred during the experimental tests. (Haryanto, 2011; Haryanto et al., 2013) 
Stiffness
The comparison of effective stiffness resulting from the finite element simulation and experimental test can be seen in Table 3 . It shows that the ratios of effective stiffness resulting from the finite element simulation to the effective stiffness resulting from the experimental test were 1.45, 1.08, 1.76, 2.13, and 2.46 for UB, SB1, SB2, SB3, and SB4, respectively. It was found that the behavior obtained from the finite element simulation was stiffer with an average of 77.60%, relatively high in the context of this study -because there was no bond slip of wire ropes -than that obtained by the experimental test. In addition, Shaker and Kamonna (2016) confirmed that the application of prestressing force resulted in the development of the stiffness of the beams. Figure 12 .
CONCLUSION
It was found that the load-displacement relationship resulting from the finite element simulation behaves similarly to that resulting from the experimental test and had higher accuracy in flexural load capacity, but there was a consistent difference in stiffness between the the results of finite element simulation and the results of the experimental test. The difference can be affected by the assumed perfect bond between materials, so the simulation worked well, and no slip occurred under experimental conditions. Another factor that could affect the difference was that the properties of materials were homogeneous in all segments in the simulation, whereas they could differ in the experimental tests. It was also observed that crack propagation developed in the finite element simulation indicated that all models underwent flexural failure. While the study modeled the beams, it used only the parameters identical to those in the experimental test results. Therefore, the different strength and modulus of elasticity of the materials should be analyzed using finite element simulation for merit further study. Different types of elements and a higher number of meshing elements are candidates for future work.
